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Kinetics of the Selective Catalytic Reduction of NO over HZSM-5
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We have studied the Kkinetics of the selective catalytic reduction
(SCR) of NO by NH3 over HZSM-5. We find that between 350 and
450°C the reaction is first order in NO and oxygen concentration
but is negative order in ammonia. The rate data can be modeled by
assuming that ammonia inhibits the reaction by blocking sites nec-
essary for NO oxidation, which appears to be the rate-determining
step. Ammonia oxidation is measurable at all conditions studied
and becomes increasingly important as temperature and oxygen
concentration increase or as NO concentration decreases; the oxi-
dation of ammonia is more likely to produce N than NO. We have
developed a kinetic model that accurately describes the rate of N
formation over a wide range of conditions. We suggest that the ac-
tive site for NO oxidation may be highly acidic extra-framework
aluminum rather than the framework Brgnsted aluminum sites.
(© 2000 Academic Press
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INTRODUCTION

The selective catalytic reduction (SCR) of nitric oxide by
ammonia is the most widely used process for the reduction
of NO emissions from combustion flue gas (e.g., 1). The
generally accepted stoichiometry for this reaction involves
the combination of equimolar amounts of NO and NH3 in
the presence of oxygen to produce nitrogen and water:

4NO + 4NH3 + O — 4N; 4 6H,0.

Although avariety of materials show some catalytic activ-
ity for this reaction, catalysts based on mixtures of vanadia
and titania are currently used in virtually all commercial
SCR units. There has been significant interest, however, in
developing zeolite-based catalysts. Zeolites offer a number
of advantages over vanadia/titania catalysts: they are active
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over a wider temperature range, they are more resistant to
thermal excursions, and the spent catalyst can present less
of a disposal problem.

In spite of the interest in the reduction of NO by NH3
over zeolite-based catalysts, there have been few studies
of the kinetics or mechanism of the reaction over zeolites
in the hydrogen form; the studies that have been published
have focused on mordenite and ZSM-5 catalysts. Hirsch (2)
examined the reduction of NO by NH3; over H-mordenite
at 400°C and found that the reaction was first order in in-
let O, concentration. Increasing the NO2/NO ratio in the
feed increased NOy conversion. When NO, was present in
the feed, however, NH3/NOy ratios greater than 1 were re-
quired to achieve maximum NOy conversion.

Andersson and co-workers (3-5) studied the SCR reac-
tion over a series of catalysts prepared by the acid-leaching
of H-mordenite. They observed that the rate decreased as
the aluminum content decreased; the rates of NO oxidation
to NO, and NO, reduction to NO were likewise found to
correlate with aluminum content. The activation energy for
NO reduction was determined to be approximately 14 kcal/
mol for all samples. Because the amount of adsorbed NO™
observed by FTIR correlated well with SCR activity, the
authors suggested that it might be an important intermedi-
ate. Interestingly, they observed that as the NO,/NO ratio
was varied, the SCR rate went through a maximum when
the concentrations of NO, and NO were roughly equal; it
was suggested that both are required for the reaction. They
proposed that the active site was a Lewis acid site formed
from the dehydroxylation of a Brgnsted acid site and that
the rate-determining step was the oxidation of NO in the
absence of NO, and the reduction of NO, to NO in the ab-
sence of NO. When both NO and NO; are present, it was
suggested that they react to give NO™ and NO; .

Medros et al. (6) reported that the SCR reaction over H-
mordenite is first order in NO. They observed an activation
energy of 14 kcal/mol but drew no mechanistic conclusions.

Mastikhin and Filimonova (7) reported NMR observa-
tions of the reactions of NO, NH3, and O, over HZSM-5,
NaZSM-5, and silicalite at room temperature. Both the hy-
drogen and sodium forms of ZSM-5 were observed to be
active; silicalite was inactive. They concluded that the key
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step was the disproportionation of NO into NO; and N0,
ie.,

3NO — NO; + N,0O,

and that the NO; species subsequently reacted with NO
and adsorbed ammonia to give a surface species of the form
NxOy - NH3, which then decomposed to give Na.

Moon and co-workers (8) reported that the SCR reaction
over HZSM-5 at 500°C was first order in NO concentration,
—0.45 order in NHj3 concentration, and 0.77 order in O,
concentration. Varying the temperature from 430 to 530°C
increased the NO conversion rate only slightly, suggest-
ing an apparent activation energy of less than 3 kcal/mol.
They speculated that the rate-determining step in SCR over
HZSM-5isthe reaction of NO with adsorbed oxygen to give
adsorbed NO,, which can then react with a surface ammo-
nium ion to give an ammonium nitrite-like species.

Halasz et al. (9) studied the oxidation of NO to NO, over
HZSM-5 and LiZSM-5 at temperatures ranging from 25
to 600°C. Because HZSM-5 was much more active than
LiZSM-5 at 400°C, they concluded that the reaction took
place on acid sites. They also observed that the reaction pro-
ceeded to equilibrium over HZSM-5 at 400°C and above;
on this basis they concluded that NO oxidation could not
be the rate-determining step in the SCR reaction.

Engand Bartholomew (10, 11) studied the kinetics of NO
reduction over several HZSM-5 and H-mordenite catalysts.
They estimated the activation energy of N, formation to be
61 kJ/mol. They observed that the reaction was approxi-
mately first order in oxygen concentration, 0.73 order in NO
concentration, and —0.61 order in ammonia concentration;
the presence of up to 20% water in the feed was found to
have little or no effect on the rate. They concluded that the
observed inhibition of the SCR reaction by ammonia was
caused by gaseous ammonia limiting the access of NO to
adsorption sites within the zeolite and suggested that the
rate-determining step was the oxidation of NO to NO, or
NO*. Because two samples with lower aluminum content
showed little or no SCR activity, they proposed that the ac-
tive site was a pair of neighboring Brgnsted acid sites. Based
on their kinetic data and the results of in situ FTIR studies,
they postulated a reaction mechanism in which NO; reacts
with two adsorbed ammonia molecules to give an adsorbed
reaction intermediate that can further react with NO to give
two molecules of N, or with NO; to give one molecule of
N,O and one of N.

A much larger literature exists describing the Kkinetics
and mechanism of the SCR reaction over metal-exchanged
zeolites (e.g., 12-24), due to the fact that the activity of
these materials is generally much higher than that of the
corresponding metal-free catalysts. A number of different
mechanisms have been proposed for the various systems
studied; it is interesting and often informative to consider
these reports when studying results obtained over metal-
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free zeolites, although it is not always clear how or if the
results are related.

As part of an effort to develop an effective zeolite-based
catalyst for NOy reduction we have studied the reaction of
NO and NO, with NH3 over a series of HZSM-5 catalysts.
In this work we report our findings on the kinetics of NO
reduction; in related publications we present data on the
kinetics of NO, reduction (25) and the effect of sodium
exchange and catalyst steaming on NO and NO; reduction
activity (26).

METHODS

The catalyst used for this study was a sample of ZSM-5
withanominal 27 : 1silicon/aluminum ratio; elemental anal-
ysis suggested that the actual Si/Al ratio was approximately
22:1. The catalyst was prepared in the sodium form, ex-
changed with ammonium nitrate, and calcined to give the
hydrogen form. Approximately 700 ppm sodium remained
in the catalyst; this represents about 5% of the total alu-
minum content. The average crystal size, as measured by
SEM, was estimated to be 0.50 um. Before testing, the cata-
lyst was dried in situ in flowing helium for 30 min at 100°C,
atleast 1 hat 150°C, and 2 h at 300°C; this pretreatment was
found to be important in obtaining reproducible results.

Kinetic data were collected using a plug flow reactor op-
erated in a downflow configuration; a bypass loop allowed
the measurement of feed concentrations. A 0.46 g amount
of ZSM-5, sized to 20/40 mesh, was loaded into a 3.49 mm
inner diameter quartz tube reactor and held in place with
quartz wool. The bed volume was approximately 0.81 cc.
Oxygen, nitric oxide, and ammonia in balance helium, sup-
plied from gas cylinders, were metered using mass flow
controllers and mixed with helium at room temperature
immediately before the reactor inlet to give the desired in-
let concentrations. Trace amounts (2-15 ppm) of nitrogen
were also present in the feed mixture and were properly
accounted for in the mass balance. A total flow of 500 sccm
was maintained, giving a space velocity of approximately
40,000 h,

The catalyst was left on stream at each set of conditions
for 3 h; a period of 60-90 min was generally sufficient for the
catalyst to reach steady-state. The reactor effluent passed
to the gas analyzers through a line heated to approximately
100°C; gas concentrations were recorded every 5 min. An
MTI 200 gas chromatograph was used to determine O,
N,, and N,O concentrations; calibrations were made using
cylinders of known concentration supplied by Matheson.
Two Siemens NDIR analyzers were used to measure NO
and NHj levels; NO measurements made by this technique
are more accurate than those made by chemiluminescence,
which can be significantly affected by third-body quenching
effects and interferences from other nitrogen-containing
molecules, including ammonia (27, 28). Although the SCR
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reaction consumes equal amounts of NO and NHg;, under
most conditions more NH3 was converted than NO; we at-
tribute this difference to ammonia oxidation, as discussed
below. Material balances on atomic nitrogen were typically
between 97% and 100%; the difference was attributed to
NO, formation, which could not be detected with the ana-
lyzers available. In runs where oxidation of ammonia was
negligible the amount of NO converted was slightly greater
than the amount of NH3 converted; this difference corre-
lated well with the amount of NO, estimated from the mass
balance.

Standard inlet conditions were 500 ppm NO, 500 ppm
NHs, and 1% Oy; variations to these concentrations were
used to study the reaction kinetics. Temperatures were var-
ied from 350 to 450°C. Blank tests showed no conversion
of NO or NH3; under these conditions. Within this tempera-
ture range, time on stream had no effect on catalyst activity
or selectivity. Exposure to NO, NH3, and O, at 500°C, how-
ever, caused irreversible changes in catalyst behavior.

The effect of deviations from differential conversions
were accounted for according to the formula

2rinlet

—_, 1
linlet + rexit) [1]

ltrue = Mmeas (

where re IS the actual reaction rate at the inlet conditions,
meas IS the measured rate, rinet is the rate calculated from
the kinetic expression using the inlet NO and NHj3 con-
centrations, and rejt IS the rate calculated from the kinetic
expression using the NO and NHj3 concentrations measured
at the reactor exit. This expression, while not exact, allows
us to contend with the fact that the ammonia and NO con-
centrations do not decrease ina 1:1 stoichiometry and is a
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good approximation for conversions less than 50%o, espe-
cially for net reaction orders of one or less. For the most
part, NO conversions were less than 20% and NH3 conver-
sions were less than 30%. With the kinetic equation chosen
to fit the data, as discussed below, the correction for nondif-
ferential conversion did not exceed 8% for any single data
point.

RESULTS

Apparent NO Order

Figure 1 shows the effect of changing inlet NO concentra-
tion on the measured nitrogen formation rate. (For this and
all subsequent plots, the open points are the actual data and
the solid lines are the kinetic fits to these data, according to
the kinetic equation described below.) At all temperatures
studied, the reaction rate varies linearly with NO concen-
tration. This is in agreement with two previous studies of
NO reduction on HZSM-5 and H-mordenite (6, 8); a third
study (10) reported an NO reaction order of 0.73 when the
inlet NO concentration was greater than the inlet NH3 con-
centration but found the reaction to be zero-order in NO
when inlet NO was less than inlet NH3.

Although our data show that the rate of N, formation
is linear in inlet NO concentration, the intercepts in Fig. 1
(i.e., the rates predicted in the absence of NO) are nonzero;
both the slope and the intercept increase with increasing
temperature. Even when no NO is fed, a significant amount
of Nz is formed. This suggests that some of the N, formation
is due to the oxidation of ammonia.

Support for the hypothesis of ammonia oxidation and its
contribution to the N, formation rate can be found by com-
paring the amount of NO and NH3 converted at each set

T
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FIG. 1.

Effect of inlet NO concentration on N, formation rate. Open points represent actual rate measurements; solid lines show results of kinetic

fitting. Inlet conditions: O, = 1%, NH3; =500 ppm. T = 350, 400, or 450°C as shown.
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FIG. 2.
inlet NH3 =500 ppm, inlet O, = 1%.

of inlet conditions. For example, at 400°C with inlet con-
centrations of 500 ppm NHj3, 200 ppm NO, and 1% O,
the measured exit NH; and NOy concentrations are 449
and 189 ppm, respectively, indicating that the net ammo-
nia conversion is 51 ppm vs a net NO conversion of only
11 ppm and suggesting that 20 ppm ammonia has been oxi-
dized and subsequently converted to NO and Ny; this gives
an ammonia oxidation rate of 1.5 x 10~ mol/g/s. Likewise,
when 500 ppm of NH3, 1% O,, and no NO were fed under
these conditions, we observed 479 ppm NHs, 7 ppm of Ng,
and 7 ppm NOy in the product stream; asimple mass balance
indicates that 14 ppm of ammonia has been oxidized, a rate
of 1.1 x 108 mol/g/s. Of this oxidized ammonia, 50% has
been converted to Ny, a significantly higher fraction than
the 5-10% of the inlet NO that is converted to N, under
these conditions when NO is fed. Figure 2 shows that when
this calculation is repeated for each data point collected at
400°C, 500 ppm NHs, and 1% O,, the estimated ammonia
oxidation rate is independent of inlet NO concentration
at approximately 1.2 x 1078 mol/g/s. When compared with
the total N, rate intercept of 0.7 x 10~8 mol/g/s, these data
suggest that under these conditions approximately half of
the ammonia oxidation leads to N, and half to NO. Similar
calculations indicate that at 350°C with the same inlet con-
ditions approximately half of the ammonia that is oxidized
is converted directly to Ny, and that at 450°C this fraction
exceeds 90%. Presumably an adsorbed, partially oxidized
species is formed that can either desorb as NOy or react
with additional NH3 to form No.

Figure 3 shows the effect of oxygen concentration on the
relationship between SCR rate and inlet NO concentration.
Again, we see that the N, formation rate varies linearly with
inlet NO concentration but the rate in the absence of NO is

Comparison of NH3 oxidation by intercept and mass balance. See text for method of calculation of oxidation by mass balance. T =400°C,

non-zero. Additionally, we can see that increasing the inlet
oxygen concentration increases the rate of N, formation.
Interestingly, the rate of ammonia oxidation to N, appears
to be relatively independent of oxygen concentration be-
tween 0.5 and 1.8% O..

Apparent Ammonia Order

The effect of variations in inlet ammonia concentration
on the SCR rate is shown in Fig. 4. It is clear from the data
that the reaction is inhibited by the presence of ammonia;
even at low ammoniaconcentrations the observed SCR rate
increases if less ammonia is fed. The degree of rate inhibi-
tion decreases as the temperature is increased, as would
be expected if this inhibition were due to the competitive
adsorption of ammonia. If the data are fit with a simple
power law, the reaction order in ammonia decreases from
approximately —0.55 at 350 and 400°C to —0.35 at 450°C;
for comparison, Moon et al. (8) observed an ammonia or-
der of —0.45 at 500°C, while Eng and Bartholomew (10)
calculated an ammonia order of —0.61 for data collected
between 340 and 425°C.

Apparent Oxygen Order

Figure 5 shows how changes in oxygen concentration af-
fect the rate of N, formation. Between 0.5% and 2.0% oxy-
gen, there is a linear relationship between oxygen concen-
tration and the N, formation rate. Previous studies of SCR
on H-form zeolites have reported oxygen orders of 0.77 to
1.06 (2, 8, 10). Linear fits to these data give non-zero y in-
tercepts, a reasonable result if we remember that the rate of
ammonia oxidation to N, was zero order in oxygen across
this range (see Fig. 3.) Of course this does not imply that
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the intercepts (shown by the dotted lines in Fig. 5) repre-
sent what the actual rate would be at zero inlet oxygen; it
is likely that the rate in the absence of oxygen is zero or
nearly so. What these intercepts represent is the contribu-
tion to the N, formation rate that is independent of oxygen
concentration between 0.5% and 2.0% O, i.e., the “b” term
in a linear fit, y=mx+b.

Figure 6 shows that the linear relationship between oxy-
gen concentration and N, formation rate holds even at dif-
ferent inlet NO concentrations. Interestingly, the y inter-
cepts of the linear fits to the data are dependent on the
inlet NO concentration.

200

400

300
inlet NO concentration, ppm

500

Effect of inlet NO concentration on N, formation rate. T =400°C. Inlet conditions: NH; =500 ppm, O, =0.5, 1.0, or 1.8% as shown.

Modeling of Kinetic Data

In order to develop and refine our kinetic model, we em-
ployed an iterative approach: a kinetic form was assumed,
the raw rate data were adjusted using these kinetic as-
sumptions to account for deviations from nondifferential
conversion, the corrected data were fit using an iterative
least-squares approach to optimize the rate and adsorption
constants, the assumptions were evaluated according to the
quality of the fit, and the process was repeated until a sat-
isfactory fit was found. Of course any kinetic model must
agree with the observations presented above:
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FIG. 4. Effect of inlet NH3 concentration on N, formation rate. Inlet conditions: O, = 1%, NO =500 ppm. T =350, 400, or 450°C as shown.
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Effect of inlet O, concentration on N, formation rate. Inlet conditions: NO, NH3 =500 ppm. T =350, 400, or 450°C as shown. The y

intercepts of dotted lines graphically show the magnitude of the oxygen-independent terms in the kinetic fits.

e The SCR reaction is first order in NO.

e The SCR reaction is inhibited by the presence of NHs.

e The SCR reaction is first order in oxygen.

e The SCR reaction is partially masked by ammonia ox-
idation, which increases the rate of N, formation.

e The rate of ammonia oxidation is zero order in oxygen.

The most likely cause of rate inhibition by ammonia
is competitive adsorption, i.e., ammonia is blocking sites
needed for the reaction to take place. If ammonia adsorp-
tion and desorption are in equilibrium, the fraction of sites
free of ammonia will be related to ammonia concentration

by a Langmuir-Hinshelwood expression

1

0y = —--——,
T+ Ka[NHs]

[2]
where 6, is the fraction of sites available for reaction, [NH3]
is the gas-phase ammonia concentration, and K, is an ad-

sorption constant. Since we observe the SCR rate to be first
order in NO and O, the rate would then be given by

_ kscrINO][O;]

1+ Ka[NH3] - 3l
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FIG. 6.

Effect of inlet O, concentration on N, formation rate. T=400°C. Inlet NH3 =500 ppm, inlet NO = 100, 300, or 500 ppm as shown. The y

intercepts of dotted lines graphically show the magnitude of the oxygen-independent term in the kinetic fits.
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If we assume that the rate of ammonia oxidation is a func-
tion of the ammonia coverage and is zero order in oxygen
concentration, as observed, then the rate of nitrogen for-
mation by ammonia oxidation, ry, is

_ koxKa[NH]

T 14 Ka[NHs] [4]

oxX

Ifammonia oxidation and SCR took place on different sites,
different adsorption constants would be used in Egs. [3] and
[4]; however, introducing this additional degree of freedom
did not significantly improve the fits to our data.

Using Eqs. [3] and [4], a satisfactory fit to all the data can
be obtained. However, fitting using these two terms alone
gave a small, but consistent, offset from the data under cer-
tain conditions. This problem is most easily seen in the data
presented in Fig. 6, where the y intercepts to the linear fits
(represented by the dotted lines) are dependent oninlet NO
concentration. By the logic of Egs. [3] and [4], all of these y
intercepts should be equal. (This extrapolation to zero inlet
oxygen does not imply that the actual rate in the absence of
oxygen is nonzero; it is only meant to graphically indicate
the fraction of the rate that is independent of the oxygen
concentration between 0.5 and 2.0% inlet oxygen, i.e., the
“b” term in the linear fits, y = mx 4 b.) Similarly, if we com-
pare the y intercepts in Figs. 1 and 5, which by the logic of
Egs. [3] and [4] should be equal, we find that they differ
slightly: at 350°C, they are 0.23 x 10~8 and 0.57 x 1078, re-
spectively; at 400°C, they are 0.62 x 1078 and 1.14 x 1078,
and at 450°C, they are 2.39 x 1078 and 2.91 x 108 mol/g/s.
In all cases, the intercept in Fig. 5 is greater than that in
Fig. 1. A related difficulty becomes apparent if the slope of
the data in Fig. 3 is plotted as a function of oxygen concen-
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tration; the relationship is linear but does not pass through
the origin, as would be expected from Egs. [3] and [4].

There are a number of possible explanations for these
small discrepancies; the simplest and most successful in fit-
ting the data is to assume that the SCR reaction occurs at a
small but nonnegligible rate without the direct participation
of oxygen. This rate is clearly first order in NO but is too
small to accurately determine its dependence on ammonia
concentration. Combining all three terms gives an overall
rate expression of the form

_ kscrINO][O:]
T 14 Ka[NH3]

I<ox Ka[NHS]
1 + Ka[NH3]

+k[NO]. [9]

When 1% O, and equal amounts of NO and NH3 are fed,
approximately 65-70% of the total N, formation rate is due
to the SCR reaction, 15-30% is due to oxidation of NHj3 to
N,, and 5-15% is due to the reaction of NO and NH3 in the
absence of Oy, depending on the temperature.

A number of variations on Eq. [5] were tried, especially
with respect to the effects of oxygen and ammonia concen-
tration, but none were found to give fits that were as good
as this expression.

To further test our kinetic model, data were collected at
a variety of different conditions. Figure 7 shows the effect
of varying inlet NH; concentration at different oxygen con-
centrations; again we see that the N, formation rate is inhib-
ited by ammonia. Figures 8 and 9 show the effect of varying
the inlet NO and NHj; concentrations together while main-
tainingal:1 molar ratio at different temperatures and inlet
oxygen concentrations. Figure 10 shows that the rate varies
linearly with inlet oxygen concentration even at lower inlet
NO and NHj; concentrations.
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FIG. 7.

Effect of inlet NH3; concentration on N, formation rate. T =400°C. Inlet conditions: NO =500 ppm, O, =0.5, 1.0, or 1.8% as shown.
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The kinetic constants in Eq. [5] were optimized using
a nonlinear quasi-Newton method to give the best fit to
all of the data collected; the values giving the best fit are
presented in Table 1. In total, 107 data points were fit; the
average error was only 8.1 x 1071% mol/g/s, or only 2.2% of
the average rate. This error is equivalent to 1.1 ppm of N,
which is within our experimental error. The quality of the
fitis evidentin Figs. 1 through 10, presented above; not only
does the model accurately predict the rate at a wide variety
of conditions but it also correctly describes the trends in
the data as the inlet concentrations are varied. Confidence
intervals (29) of 95% are also presented in Table 1. This

70108

Effect of varying inlet NO and NHj; concentrations together in a 1:1 molar ratio. Inlet O, =1%, inlet NO = NH3, T =350, 400, or 450°C

error analysis supports the addition of the ko[NO] term to
the rate equation. The inclusion of this term is found to be
significant at the 95% level at 400 and 450°C (i.e., ko=0
lies outside the confidence intervals); at 350°C, this term is
found to be significant at the 90% level but not at the 95%
level. Itis also worth noting that the values of ks and K, are
highly correlated, since K,[NH3] is much greater than unity.

Activation Energies

At our standard inlet conditions, we calculate an appar-
ent activation energy for N, formation of 13 kcal/mol; this
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Effect of varying inlet NO and NH; concentrations together in a 1:1 molar ratio. T=400°C, inlet NO =NH3;, O,=0.5, 1.0, or 1.8% as
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TABLE 1

Values of Kinetic Constants Used for Data Fitting*

kSCl’ Ka kOX ko
T (°C) (cm®/mol/g/s x 1077) (cm®mol x 1078) (mol/g/s x 10%) (cmq/gls)
350 465 (3.7-7.3) 5.73 (3.6-11.0) 3.62 (1.6-5.9) 0.304 (~0.04-0.64)
400 9.85 (8.8-11.3) 5.36 (4.5-6.6) 8.11 (6.5-9.8) 0.558 (0.32-0.79)
450 12.7 (12.0-13.7) 2.64 (2.3-3.0) 34.4 (29-40) 0.807 (0.08-1.53)

* 95% Confidence intervals (29) are shown in parentheses.

is in excellent agreement with previous measurements of
14 kcal/mol over both H-mordenite (3,6) and HZSM-5 (10)
but is significantly higher than the value of 3 kcal/mol re-
ported by Moon et al. (8). However, the temperature de-
pendence of the N, formation rate represents a combina-
tion of the temperature dependence of all three terms in
Eq. [5]. The apparent activation energy of the SCR reac-
tion is estimated to be 15 kcal/mol; of this, 9 kcal/mol is due
to the SCR forward rate constant and the remainder is due
to the decrease in the ammonia coverage as temperature
increases.

Kinetics of N»,O Formation

Small amounts of nitrous oxide (up to 8.5 ppm, depending
on the conditions) were detected whenever both NO and
NHs; were fed at 450°C or below. The amount of nitrous
oxide produced rose as the temperature was increased from
350 to 400°C, but the amount observed at 450°C was less
than at 350°C, and little or no nitrous oxide was detected at
500°C. The N,O formation rate varied from approximately
22% of the N, formation rate at 350°C, to 13% at 400°C,
and to only 4% at 450°C.

The most striking feature of the kinetics of nitrous oxide
formation was that they were significantly different from

the kinetics of N, formation. The N,O formation rate was
positive order in inlet ammonia concentration (see Fig. 11),
rising from near zero order at 350°C to approximately 0.5
order at 450°C, and was less than first order in nitric oxide
concentration, falling from 0.97 order at 350°C to 0.6 order
at400°C and to 0.5 order at 450°C. In contrast, the rate of N,
formation varied linearly with NO inlet concentration and
was negative order in NH3 concentration. The rate of N,O
formation varied linearly with inlet oxygen concentration,
as did the rate of N, formation.

DISCUSSION

Given the kinetic results described above, it is possible
to draw some conclusions about the mechanism of the SCR
reaction over HZSM-5. First, the inhibition of the rate by
ammonia site-blocking suggests that ammonia does not par-
ticipate in the rate-determining step under the conditions
studied. This makes it unlikely that the combination of am-
monia with NO is rate determining. In contrast, the rate is
linearly dependent on NO concentration and strongly de-
pendenton O, concentration. On the basis of these observa-
tions, we agree with previous suggestions (5, 8, 10) that the
oxidation of NO to NO; or an adsorbed NO-like species
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Effect of inlet O, concentration on N, formation rate. T=400°C. Inlet NO held in 1: 1 molar ratio at 150, 300, and 500 ppm, as shown.



SCR KINETICS OVER HZSM-5

237

6.010° -~
[ ] ; ﬁ E .
» 50100 b o o
?,’ [ ‘ L 4
=
o R
E 40109 [ b4
Py I .
g I .
e 3010° |
=) i
=
[} L
£ [ *
5 20100 |
by [ e 350°C
ON [ o 400°C
2 0100 [ o 450°C
o L v v e e L
0 100 200 300 400 500 600 700 800

inlet NH, concentration, ppm

FIG. 11.

is the rate-determining step and that once adsorbed NO is
formed, it is rapidly converted to N, by reaction with NH3.

NO + 10, 5 NO, ™" products. [6]

Under reaction conditions, the sites needed for NO oxida-
tion are in large part occupied by ammonia, which adsorbs
much more strongly than NO or oxygen; this leads to the
observed inverse relationship between inlet ammonia con-
centration and N, formation rate.

This conclusion is supported by two seemingly contra-
dictory observations: in our SCR experiments, the gas exit-
ing the reactor contains little NO,, but we have found the
same HZSM-5 catalyst to be active for the oxidation of NO
to NOs in the absence of ammonia under the same condi-
tions. Table 2 shows that 70-95 ppm NO, were formed when
we fed 500 ppm NO and 1% O, over our catalyst at 300—
400°C, but that less than 20 ppm exited the reactor when
500 ppm of ammonia was added to the inlet gas stream. If
the NO oxidation data in Table 2 are used to calculate for-
ward rate constants, correctly accounting for the effect of

TABLE 2

Conversion of NO to NO; over HZSM-5 in the Presence
and Absence of NHZ32

NO; observed (ppm)

T (°C) With NH3 No NH;3; Equilibrium
300 0-3 74 336
350 0-6 93 220
400 15-20 86 124

2 Inlet conditions: 1% Oy; 500 ppm NO; 500 or 0 ppm NHa.

Effect of inlet NH3 concentration of N,O formation rate. Inlet conditions: O, = 1%, NO =500 ppm. T =350, 400, or 450°C as shown.

the reverse reaction on the conversion, the values estimated
are 4.8 x 10’ and 6.7 x 10" cm®mol/g/s at 350 and 400°C, re-
spectively; these values compare well with the values of K,
reported in Table 1. We also observed that the kinetics of
the oxidation of NO to NO; in the absence of ammonia par-
allel the kinetics of the SCR reaction: NO oxidation is first
order in NO and positive order in oxygen. These data are
consistent with previous reports that HZSM-5 (9) and H-
mordenite (5) catalysts converted NO and O, feeds to near-
equilibrium mixtures at 400°C and above. Our observations
are consistent with the hypothesis that ammonia slows the
conversion of NO to NO; by blocking sites via adsorption
and that most of the NO; that is formed is rapidly removed
by reaction with NH3 to give N,.

It is interesting to speculate on what is the active site for
NO oxidation. The obvious possibility is, of course, a zeo-
lite Bronsted acid site. Halasz and Brenner (9) maintain that
this is indeed the case, although their evidence is far from
conclusive. However, the K, values required to produce a
good fit with the data correspond to relatively high ammo-
nia coverages, ranging from approximately 35% at 450°C
and 100 ppm ammonia to 85% at 350°C with 500 ppm am-
monia. These coverages are significantly greater than those
calculated from the calorimetric data of Sharma et al. (30)
for HZSM-5 Brgnsted acid sites (see Table 3 for compar-
ison). Our observation of higher coverages suggests that
acid sites stronger than the framework aluminum sites are
necessary for this reaction to take place. From this, it is
tempting to suggest that NO oxidation takes place primar-
ily on the extra-framework aluminum cations, which are
Lewis sites of higher acidity than the framework Brgnsted
sites (31). Sharma and co-workers estimated the heat of
ammonia adsorption on these sites to be approximately
170 kJ/mol, which is larger than the 150 kJ/mol measured
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TABLE 3
Comparison of Estimated Ammonia Coverages for Active Site and
Framework Aluminum Sites at 500 ppm Gas-Phase Ammonia

Active site Framework sites
T (°C) fractional coverage fractional coverage?®
350 0.85 0.69
400 0.83 0.20
450 0.69 0.04

@Data from Ref. (30).

on the Brgnsted sites; sites of this increased strength would
have high coverages similar to those predicted from the ki-
netic modeling. This suggestion that extra-framework alu-
minum is the active site for SCR on HZSM-5 is also sup-
ported by our data on the effects of sodium exchange and
catalyst steaming on catalyst activity (26). However, this hy-
pothesis is not consistent with the temperature dependence
of the values of K, presented in Table 1. Our estimate of
the heat of adsorption obtained by plotting In K, vs 1/T is
only 32 + 13 kJ/mol; this value is much less than the heat
of adsorption of ammonia on either the extra-framework
or the framework aluminum sites. Because of this discrep-
ancy, our suggestion that the extra-framework sites are the
active sites for NO oxidation must remain tentative.

Eng and Bartholomew (10) have suggested that the ac-
tive site for SCR over H-zeolites is a pair of neighboring
Bragnsted acid sites. However, this conclusion was based on
their observation that an HZSM-5 sample with an Si/Al ra-
tio of 35 showed no activity for SCR; they interpreted these
results to suggest that below a certain aluminum content
zeolites are not active for SCR. However, we have mea-
sured the SCR activity of a large number of HZSM-5 sam-
ples of varying aluminum content, with Si/Al ratios ranging
from 12 to 350, and find that all have significant activity for
this reaction; indeed, the rate does not correlate well with
aluminum content. On the basis of these data, we do not
believe that pair sites are necessary for this reaction.

It is clear from our data that although the SCR reac-
tion is responsible for a majority of the N, formed over
HZSM-5, the rate of ammonia oxidation is not insignifi-
cant. Although we are the first to quantitatively report the
importance of ammonia oxidation, this reaction has been
observed by others studying this reaction with H-zeolites.
When feeding 700 ppm NH3 and 2% O, over H-mordenite
attemperatures from 310 to 425°C, Brandin and co-workers
(4) reported ammonia conversions of up to 25%; N, was the
only observed product. Moon and co-workers (8) observed
that under normal SCR conditions, conversions of NO and
NH3; over HZSM-5 were unequal; they attributed this sto-
ichiometry to the oxidation of ammonia to NO, Ny, or a
combination of both. Eng and Bartholomew (10) state that
ammonia oxidation appears to contribute slightly to the for-
mation of N, and NO over their HZSM-5 sample, although
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it is difficult to quantitatively estimate the magnitude of
this contribution since they do not measure ammonia con-
version and have significant amounts of N, present in their
feed gases. They observe that the N, formation rate is zero
order in NO concentration when the inlet NO/NHj3 ratio is
less than unity; this is most likely due to the large contribu-
tion of ammonia oxidation under these conditions. It seems
likely thatammoniaoxidation isimportant for mostif notall
H-zeolite catalysts. Presumably oxidation produces either
NO, or another rapidly reduced species, since the majority
of the ammonia oxidized appears to be converted directly
to N and not just to NO.

The presence of the third term in our rate equation
(Eqg. [5]) implies that the reduction of NO is possible with-
out the direct participation of O,. This should not be taken
to imply that O; is not necessary for the reaction, only that
in this pathway gas-phase oxygen does not participate in
the rate-determining step or any step leading up to it. We
believe it is possible that some NO may react directly with
NHjs, or that some NO is being oxidized by oxygen atoms
or hydroxyl groups associated with the zeolite framework.
In any case, the contribution of this term to the overall N,
formation rate is so small that no firm conclusions about the
nature of this pathway can be drawn. It is worth noting that
Eng and Bartholomew (10) also observe a small amount of
conversion to N in the absence of O,.

One interesting implication of the strong rate inhibition
by ammonia described above is that it suggests that a reac-
tor with multiple ammonia injection points would result in
much higher conversions than a process in which all of the
ammonia was simply injected before the reactor entrance.
Maintaining an average ammonia concentration of 100 ppm
instead of 500 ppm would increase the rate of reaction by
50-100%, depending on the temperature.

SUMMARY

Our studies of the selective catalytic reduction of NO
by NH3 over an HZSM-5 catalyst show that this reaction
is first order in nitric oxide and oxygen, but that the reac-
tion is inhibited by the presence of ammonia. This inhibi-
tion can be most logically explained by the adsorption of
ammonia on the active site. Although the temperature de-
pendence of the estimated ammonia adsorption constant is
much smaller than would be consistent with adsorption on
an acid site, the degree of inhibition, especially at 400 and
450°C, suggests that ammonia is adsorbed more strongly
than would be expected on the framework Brgnsted acid
sites. If this is the case, extra-framework aluminum is most
likely the active site. The oxidation of NO to NO, proceeds
rapidly in the absence of ammonia; similarities between the
kinetics of NO oxidation and the SCR reaction suggest that
NO oxidation is rate determining for SCR. Only a small
amount of nitrous oxide is observed; the kinetics of N,O
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formation are quite different than the kinetics of N, for-
mation, suggesting that this reaction occurs by a different
pathway than SCR. Ammonia oxidation is slower than NO
reduction but contributes measurably to the N, formation
rate. We have collected data under awide range of inlet NO,
NHjs;, and O, concentrations and at temperatures ranging
from 350 to 450°C; we have developed a kinetic expression
that accurately models these data, with an average error of
only 2.2%.
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